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The cyanobacterial Oscillatory Agardhii agglutinin
(OAA) is a recently discovered HIV-inactivating lectin
that interacts with high-mannose sugars. Nuclear
magnetic resonance (NMR) binding studies between
OAA and a3,a6-mannopentaose (Mana(1-3)[Mana(1-
3)[Mana(1-6)]Mana(1-6)]Man), the branched core unit
ofMan-9, revealed twobinding sites at opposite ends
of the protein, exhibiting essentially identical affini-
ties. Atomic details of the specific protein-sugar con-
tacts in the recognition loops of OAAwere delineated
in the high-resolution crystal structures of free and
glycan-complexed protein. No major changes in the
overall protein structure are inducedby carbohydrate
binding, with essentially identical apo- and sugar-
bound conformations in binding site 1. A single pep-
tide bond flip at W77–G78 is seen in binding site 2.
Our combined NMR and crystallographic results pro-
vide structural insights into the mechanism by which
OAA specifically recognizes the branched Man-9
core, distinctly different from the recognition of the
D1 and D3 arms at the nonreducing end of high-
mannose carbohydrates by other antiviral lectins.
INTRODUCTION
The human immunodeficiency virus (HIV) displays on its surface
the envelope glycoprotein gp120 that is pivotal for viral attach-
ment to the host cell (Eckert and Kim, 2001; Freed and Martin,
1995). Gp120 is remarkably rich in high mannose N-linked
sugars (Doores et al., 2010; Kwong et al., 1998), contributing
50% of the molecular weight of gp120 (Ji et al., 2006). Over
the last decade, various lectins were discovered that exerted
anti-HIV activity by specifically and tightly binding to gp120-
attached glycans (Bokesch et al., 2003; Boyd et al., 1997; Chiba
et al., 2004; Mori et al., 2005; Po¨hlmann et al., 2001; Yamaguchi
et al., 1999), spurring continuous searches for other HIV-inacti-
vating members of the lectin family.
One such protein was discovered in the Cyanobacterium
Oscillatory Agardhii (named Oscillatory Agardhii Agglutinin;
OAA). It also exhibits potent anti-HIV activity, mediated by high
affinity binding to the high mannose glycans on gp120 (Sato
et al., 2007). We recently determined the three-dimensional
structure of OAA by X-ray crystallography, revealing a novel,
compact, b-barrel-like architecture (Koharudin et al., 2011).1170 Structure 19, 1170–1181, August 10, 2011 ª2011 Elsevier Ltd AIn order to elucidate the atomic basis of OAA activity, we have
now determined the structure of an OAA-carbohydrate complex.
Our initial efforts aimed at crystallizing the OAA/Man-9 complex,
either through soaking or cocrystallization, were unsuccessful.
The reason for our failure can be attributed to the presence of
N-cyclohexyl-3-aminopropane-sulfonic acid (CAPS) in the crys-
tallization buffer: the crystals contained protein with two bound
CAPS molecules in the structure, located in the carbohydrate
binding sites that were delineated by nuclear magnetic reso-
nance (NMR) titration on the surface of OAA (Koharudin et al.,
2011), at opposite ends of the protein. Site 1 is formed by
b strands from the N- and C-terminal ends of the polypeptide
and exhibited somewhat lower affinity than site 2 that comprises
residues in the middle of the protein sequence.
The minimal substructure of Man-9 that exhibited high affinity
and specific binding to OAA is a3,a6-mannopentaose (or
Mana(1-3)[Mana(1-3)[Mana(1-6)]Mana(1-6)]Man pentasaccha-
ride), the branched core unit of Man-9 (Sato et al., 2007). Given
that a3,a6-mannopentaose is readily and commercially avail-
able, in contrast to Man-9, we focused our cocrystallization ef-
forts on a3,a6-mannopentaose.
Here, we report the crystal structure of OAA, complexed with
a3,a6-mannopentaose and an additional apo-structure that is
devoid of any small organic molecules in the sugar binding sites.
Using NMR spectroscopy, we identified which residues in each
binding site are influenced by a3,a6-mannopentaose binding in
solution and determined their binding affinities. A detailed
comparison between the free and bound protein conformation
revealed that no significant conformational changes are induced
by sugar binding, except in binding site 2. In particular, we note
aflip in theorientationof thepeptidebondbetweenW77andG78.
Our combined NMR spectroscopic and X-ray crystallographic
results provide the first atomic details of the interaction of OAA
with the core epitope of Man-9 and aid in our understanding of
the protein’s potent anti-HIV activity. In addition, our structural
data adds important novel information to the growing body of
knowledge about antiviral lectins that, in turn, may be exploited
for glycan targetingongp120 in the fight againstHIV transmission.RESULTS AND DISCUSSION
OAA Strongly and Specifically Binds
to a3,a6-Mannopentaose in Solution
We previously showed by NMR spectroscopy that OAA binds to
Man-9 in solution (Koharudin et al., 2011). Here, in order to delin-
eate the atomic details of the binding interface, we investigated
the interaction with a3,a6-mannopentaose, the minimal unit of
Man-9 recognized by OAA (Sato et al., 2007).ll rights reserved
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exchange on the NMR chemical shift scale, suggesting a rela-
tively tight interaction. Backbone resonance assignments for
the sugar-bound protein were obtained using three-dimensional
(3D) HNCACB and HN(CO)CACB spectra, recorded for an OAA
sample in the presence of excess of a3,a6-mannopentaose.
The two-dimensional (2D) 1H-15N HSQC spectra of the apo-
and a3,a6-mannopentaose-bound OAA, annotated with the
amide backbone assignments, are provided in Figures 1A and
1B, respectively. Similar to the apo spectrum, the sugar-bound
spectrum exhibits well-dispersed and narrow resonances. All
expected amide cross-peaks were observed, except for residue
N69, whose amide resonance is broadened beyond detection in
both spectra.
Binding isotherms for the interaction between a3,a6-manno-
pentaose and OAA were derived from signal intensities of
selected amide resonances in the 2D 1H-15N HSQC spectra at
seven OAA (40 mM) to a3,a6-mannopentaose molar ratios: 1:0
(free protein), 1:0.25, 1:0.5, 1:1, 1:1.5, 1:2, and 1:3. At the 1:3
ratio, the protein is completely saturated with the carbohydrate.
Superpositions of these spectra are provided in Figures 2A–2F
with the free protein spectrum always shown in black (Figures
2A–2F) and spectra at 1:0.25, 1:0.5, 1:1, 1:1.5, 1:2 and 1:3 molar
ratios in red (Figure 2A), green (Figure 2B), blue (Figure 2C), yellow
(Figure 2D), magenta (Figure 2E), and cyan (Figure 2F; see Fig-
ureS1 available online), respectively. Note that the 1:3molar ratio
translates to 1.5 sugar molecules per protein binding site. Resi-
dues whose amide chemical shifts are significantly changed
upon sugar binding are labeled by residue name and number,
with those in binding sites 1 and 2 labeled in black and red,
respectively. The free and bound resonances for the same
residue are connected by dashed lines. Already at themolar ratio
of 1:0.25 (inset in Figure 2A), a very small effect on R28 can be
observed. However, at themolar ratio of 1:1, where each binding
site would be half saturated for identical sugar affinities, the
bound resonances of G60 and G127 (equivalent residues in
binding sites 2 and 1) are of equal intensities (within the error of
the measurements; inset in Figure 2C). Similar observations
hold for other resonances as well, providing strong evidence
that a3,a6-mannopentaose binds to sites 1 and 2 with very
similar affinities. This is different from our findings with Man-9
where we noted a somewhat higher affinity for binding in site 2.
All chemical shift differences between free OAA and sugar-
bound resonances, determined at saturation, are displayed
along the polypeptide chain in Figure 2G. As can be appreciated,
the most strongly affected residues are located in the loop
regions, connecting strands b1-b2 and b9-b10 (site 1, black
bars) and connecting strands b4-b5 and b6-b7 (site 2, red
bars), respectively. Smaller changes are present for the loops
connecting b7-b8 (site 1, black bars) and b2-b3 (site 2, red
bars). Resonances with chemical shift differences of >0.1 ppm
(>1 standard deviation of 0.095) include residues L3, E7–S13,
A15, W17–W23, E95, L114, T117, M118, Y120, E123–F128 in
binding site 1 and residues I25, S27, R28, V34, M51–A54,
E56–F61, A63, E72, Q76–D80, A82, W84, S86, G88, and L92 in
binding site 2. A simple qualitative comparison reveals a very
close resemblance in patterns for perturbations around b4-b5
and b9-b10, whereas for the b1-b2 and b6-b7 regions some vari-
ability is observed, with W10 exhibiting the largest sugar-Structure 19, 1170–induced shift of all resonances. The set of perturbed resonances
is very similar to those detected previously with Man-9, indi-
cating that a3,a6-mannopentaose provides essentially all the
determinants necessary for the interaction.
Determination of Apo and a3,a6-Mannopentaose-Bound
OAA Structures
Having established that OAA strongly and specifically binds to
a3,a6-mannopentaose, we aimed to obtain crystals of the
OAA-a3,a6-mannopentaose complex, either by cocrystallization
or soaking. Because our previously determined apo crystal
structure contained bound CAPS molecules in the carbohydrate
binding sites onOAA that prevented glycan binding in the crystal,
we removed CAPS from the crystallization mix and varied
precipitant composition. Crystals of both apo and a3,a6-manno-
pentaose-bound OAA were obtained using 2.0 M (NH4)2SO4 and
0.1 M Tris-HCl (pH 8.5). The protein crystallized in space group
P212121, with one proteinmolecule per asymmetric unit, different
from the previously determined structure of CAPS-bound OAA in
space group P1. The current apo-OAA structure was solved by
molecular replacement using the previously determined struc-
ture of OAA (PDB: 3OBL), comprising residues 2–133 as the
structural probe in PHASER (McCoy, 2007). The final model
was refined to 1.55 A˚ resolution with R = 18.2% and Rfree = of
19.6%. No bound organic molecules were present. We also ob-
tained crystals of a3,a6-mannopentaose-bound OAA, using the
same crystallization condition and solutions of OAA-carbohy-
drate at protein/carbohydrate ratios of 1:2, 1:3, or 1:4 and
a protein concentration of 40mg/ml. All mixtures yielded well dif-
fracting crystals and we solved the complex structure using
a crystal that was obtained with the 1:3 protein/carbohydrate
ratio. The OAA-a3,a6-mannopentaose complex crystallized in
space group of P212121 with one protein molecule per asym-
metric unit. The crystallographic phase was solved by molecular
replacement using the new apo OAA structure as the structural
probe in PHASER (McCoy, 2007) and the final model was refined
to 1.65 A˚ resolution with R = 18.9% and Rfree = of 22.8%.
Overall Comparison of Apo and a3,a6-Mannopentaose-
Bound OAA Structures
The structures of the apo- and a3,a6-mannopentaose-bound
OAA are very similar, with the compact 10-stranded antiparallel
b sheet barrel essentially identical (Figures 3A and 3B). The first
five b strands (colored in white and light green for the apo and the
complex structures, respectively) comprise residues 2– 66 from
the first amino acid sequence repeat. The next five b strands
(colored in purple and light blue for the apo and the complex
structures, respectively) are composed of residues 70–133
from the second sequence repeat. A short linker (colored in
orange in each structure), comprising residues G67–N69, con-
nects these two-sequence repeats. The additional electron den-
sity at opposite ends of the protein molecule permitted the
placement of a a3,a6-mannopentaose molecule into each site,
and in the final density, an excellent fit of the atomic structure
of two bound a3,a6-mannopentaose molecules, one per carbo-
hydrate binding site of OAA, is observed (Figures 3C and 3D).
Although the free and the a3,a6-mannopentaose-bound OAA
structures are very similar, exhibiting root-mean-square devia-
tions (rmsd) for backbone and heavy atoms (residues A2–T133)1181, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1171
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Specificity and High Affinity Binding to Man-9 Coreof 0.51 and 0.81 A˚, respectively (Figure 3E), a few conformational
differences, especially in the loops connecting strands b2-b3,
b4-b5, and b6-b7 (Figure 3E) can be discerned. These loops
are part of the carbohydrate binding site 2 in OAA (Figure S2).
Additional very small variations are also observed in the short
linker region comprising residues G67–N69 (Figure 3E), most
likely indicating conformational flexibility, because the N69
amide resonance in solution is broadened in the 1H-15N HSQC
by exchange on the millisecond time scale. Very small differ-
ences are also observed in the loop region connecting strands
b1-b2 (Figure S2) that lines the carbohydrate binding site 1 (Fig-
ure 2G; Figure S2). Therefore, within the error of the coordinates,
essentially no significant difference in the conformation of
binding site 1 in the free and carbohydrate-bound state of OAA
is discernible. For binding site 2, on the other hand, a small,
but clear local conformational difference is observed between
the free- and sugar-bound protein.
Structural Basis for Carbohydrate Binding
and Specificity
The structure of the OAA-a3,a6-mannopentaose complex (Fig-
ure 3) permits an assessment of the specific contacts between
the carbohydrate and OAA at the atomic level. a3,a6-mannopen-
taose represents the core structure of Man-9 (Figure 4A) and the
sugar binding pockets of site 1 and site 2 on OAA are very similar
(Figures 4B and 4C). The carbohydrate recognition sites of OAA
comprise short clefts, residing between the loops on the surface
of the protein. They are formed primarily by residues in the loops
connecting strands b1-b2 and b9-b10 and those connecting
strands b4-b5 and b6-b7 for sites 1 and 2, respectively. These
two loops are in direct contact with the carbohydrate, particularly
residues W10–G12 and E123–G124, located in the loop that con-
nects strands b1-b2 and strands b9-b10 in binding site 1, and resi-
dues E56–G57 and W77–G79 in the loop, connecting strands
b4-b5 and b6-b7 in binding site 2. The loops connecting strands
b7-b8 in site 1 or strands b2-b3 in site 2 are slightly more remote,
and contain amino acids with long side chains that directly in-
teract with the carbohydrate, such as R95 in site 1 or R28 in site 2.
The M40a(1-6)M3 disaccharide unit of the a3,a6-mannopen-
taose is in closest contact with the protein (Figures 4B and
4C), and of the five-mannose carbohydrate moieties, the
M4a(1-3)M3 disaccharide is located deep inside the binding
pocket whereas the M50a(1-3)[M500a(1-6)]M40 trisaccharide unit
is pointing outward. Overall, the branch point sits in the center
of the binding site and all mannose units are splayed out from
the center. For the M4a(1-3)M3 unit, the pyranose ring of M3 is
stacked on top of the indole ring of theW10 andW77 side chains
in site 1 and site 2, respectively. The pyranose ring of M4 is
flanked by the long side chains of residues R95 and R28 in site
1 and 2, respectively. On the other side of the cleft, where the
M50a(1-3)[M500a(1-6)]M40 trisaccharide is located, the pyranoseFigure 1. Two-Dimensional 1H-15N HSQC Spectra of Apo and a3,a6-M
Assignments of amide resonances are given by amino acid type and number: (A) f
residue pairs (S40/S107, G41/G108, and D42/D109 labeled in red) were not unam
All side chain resonances (Trp, Arg, Asn, and Gln) are colored in green. The am
conditions (25 mM NaAcetate, 25 mM NaCl, 3 mM NaN3, 90/10% H2O/D2O [pH
up-field shifted in their proton frequencies (3.38/111.7 ppm and 2.93/104.2 ppm, r
and S6.
Structure 19, 1170–ring of M50 is flanked by residues in the loop connecting strands
b1-b2 and b6-b7 in sites 1 and 2, respectively, whereas the pyra-
nose rings of M500 and M40 are flanked by residues in the b9-b10
and b4-b5 loops for sites 1 and 2, respectively.
Of all the contacts in the binding sites it appears that the
hydrophobic interaction between the aromatic side chain of
W10 in site 1 andW77 in site 2 with the pyranose ring of M3 plays
a critical role. In addition, several polar interactions are also
observed. In particular, hydrogen bonds between the hydroxyl
groups of the carbohydrate and main chain amide groups are
present, augmented by several contacts with side chains. In
binding site 1 (Figure 4D), hydrogen bonds are formed between
the backbone amide of G11 and the C5 hydroxyl group of M50
(2.86 A˚), the backbone amide of G12 and the C6 hydroxyl group
ofM50 (2.87 A˚), the backbone amide of G124 and the C5 hydroxyl
group of M40 (3.00 A˚), and the backbone amide of G124 and the
C6 hydroxyl group of M40 (3.15 A˚). Side chain interactions in
binding site 1 include hydrogen bonds between the C4 hydroxyl
group of M3 and the side chain carboxyl group of E123 (2.81 A˚)
and between the C4 hydroxyl group of M3 and the terminal gua-
nidinium group of R95 (2.89 A˚). Equivalent hydrogen bonds are
found in binding site 2 (Figure 4E). Hydrogen bonds between
the backbone amide of G78 and the C5 hydroxyl group of M50
(2.93 A˚), the backbone amide of G79 and the C6 hydroxyl group
of M50 (2.83 A˚), the backbone amide of G57 and the C5 hydroxyl
group of M40 (2.92 A˚), and the backbone amide of G57 and the
C6 hydroxyl group of M40 (3.20 A˚) are present. Side chain
hydrogen bonding is observed between the C4 hydroxyl group
of M3 and the side chain carboxyl group of E56 (2.73 A˚) and
between the C4 hydroxyl group of M3 and the terminal guanidi-
nium group of R28 (2.84 A˚).
Comparison of the Carbohydrate Binding Sites within
the Apo- and a3,a6-Mannopentaose-Bound Structures
The extremely similar interactions between the sugar and the
protein in the binding sites are accompanied by highly homolo-
gous conformations of the polypeptide chains in these regions
(Figure S3A). Only a small variation in the orientations of the
W10 and W77 side chains can be discerned and the pyranose
rings of the M3, M4, and M500 units in the two carbohydrates
are almost identical. A best-fit superposition for the two binding
regions (residues S94–L132 and L3–W23 for site 1 and residues
S27–L65 andS70–W90 for site 2, respectively) yields a backbone
rmsd value of 0.38 A˚. The small difference in the M500 conforma-
tion at the solvent-exposed end of the carbohydrate chains is
most likely a reflection of the inherent flexibility of the sugar
when not held in place by the protein. Indeed, M3, M40, and
M50 are completely indistinguishable in the two sites and only
very minor differences are seen for M4 and M500 (Figure S3B).
Surprisingly, however, comparison of the two carbohydrate
binding sites in the apo-structure revealed some differencesannopentaose-Bound OAA
ree OAA, black; (B) a3,a6-mannopentaose-bound, cyan. In both spectra, three
biguously assigned because they possess degenerate Ca/Cb chemical shifts.
ide resonance of N69 was too broad for detection under the present sample
5.0], 26C). Note that the amide resonances of G26 and G93 are significantly
espectively) and not within the current spectral boundaries. See also Figures S1
1181, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1173
Figure 2. NMR Titrations of OAA with a3,a6-Mannopentaose
(A–F) Superposition of the 2D 1H-15N HSQC spectra of free (black) and a3, a6-mannopentaose bound OAA at (A, red) 1:0.25, (B, green) 1:0.50, (C, blue) 1:1,
(D, yellow) 1:1.5, (E, magenta) 1:2, and (F, cyan) 1:3 molar ratios of OAA/a3,a6-mannopentaose. Selected resonances that exhibit large chemical shift pertur-
bations are labeled by amino acid type and number. Resonances associated with residues in binding sites 1 and 2 are colored in black and red, respectively.
Insets in (A), (B), and (C) are expanded regions comprising resonances associated with binding site 2.
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bond between W10 and G11 (binding site 1) and W77 and G78
(binding site 2) is flipped, with the carbonyl oxygen of W10 and
W77 pointing in opposite directions. On sugar binding, the
conformation in binding site 1 is essentially unaltered (Figure 5A),
whereas a3,a6-mannopentaose binding to site 2 changes the
orientation of the W77/G78 peptide plane to that present in the
free and bound state of site 1 (Figure 5B). This type of conforma-
tional change seen for free versus bound states in proteins has
frequently been discussed in terms of the general, mechanistic
question of conformational selection versus induced fit (Hammes
et al., 2009; Wlodarski and Zagrovic, 2009). We therefore care-
fully assessed whether the conformations in the free protein
are truly representing a ligand-free unoccupied binding site.
To that end, we evaluatedwhether crystal packing could affect
the conformation of the two binding sites in the apo structure.
Indeed, a clear difference was found for the two sites: the loop
region connecting strands b1 and b2, comprising residues
G11–P16, is surrounded by several neighboring symmetrically
related protein molecules, with one neighboring molecule form-
ing hydrogen bonds with two loop residues (Figure 6A). In partic-
ular, the carbonyl oxygen of G11 in the loop accepts a H-bond
from the side chain amide of N69 and the amide proton of S13
donates a hydrogen bond to the side chain carboxyl of E96.
No such interactions are present around the corresponding
loop in binding site 2 (Figure 6B), suggesting that the conforma-
tion in binding site 1 in the apo-crystal structure is induced by
protein-protein contacts in the crystal lattice.
In order to further confirm that the behavior of the loops in
binding sites 1 and 2 in solution is basically identical, we re-
corded NMR relaxation experiments for the apo protein (Figures
6C–6E). Comparison of the T1, T2, and heteronuclear NOE data
for the two pertinent loops (b1-b2; b6-b7) reveals essentially
the same values for the equivalent residues. In addition, we
explored different temperatures for data collection, both for the
crystal as well as for the NMR, because differences between
NMR and X-ray results could have been caused by ‘‘freezing
out’’ conformations at cryogenic temperatures in the crystal.
X-ray data collected at room temperature (Figure S4) and the
2D 1H-15N HSQC spectrum at 277.4 K (Figure S5), however,
did not suggest that in the cryogenic X-ray structure the bound
conformation was fortuitously selected. We therefore conclude
that both loop regions in the free protein are flexible and that
crystal packing effects around the carbohydrate binding site 1
forces the conformation of the b1-b2 loop into the conformation
observed in the carbohydrate-bound structure.
Comparison with Other Mannose-Binding Lectins
Our present structure also permits a detailed comparison
between several binding modes observed in other Man-9 inter-
acting lectins. For example, Cyanovirin-N (Boyd et al., 1997),
DC-SIGN (Po¨hlmann et al., 2001), Scytovirin (Bokesch et al.,
2003), Griffithsin (Mori et al., 2005), MVL (Yamaguchi et al.,
1999), and Actinohivin (Chiba et al., 2004), all recognize different(G) Chemical shift perturbation profile of combined amide chemical shift changes a
were calculated using the equation; Dppm = [(Dppm (1HN))
2 + (Dppm (15N)/5)2 ]1/2
out using 0.040 mM OAA in 25 mM NaAcetate, 25 mM NaCl, 3 mM NaN3, 90/10
See also Figure S2.
Structure 19, 1170–epitopes of Man-9. In particular, Cyanovirin-N specifically recog-
nizes Mana(1-2)Man linked mannose substructures in the D1
and D3 arms ofMan-9 (Barrientos et al., 2006; Bewley, 2001; Bo-
tos et al., 2002), DC-SIGN preferentially interacts with the
Mana(1-3)Mana(1-6)Man trisaccharide (Feinberg et al., 2001)
and MVL specifically interacts with the Mana(1-6)Manb(1-4)
GlcNAcb(1-4)GlcNAc tetrasaccharide (Williams et al., 2005). In
addition, sugar binding studies for Scytovirin and Actinohivin
revealed specificities for Mana(1-2)Mana(1-6)Mana(1-6)Man
(McFeeters et al., 2007) and Mana(1-2)Man (Tanaka et al.,
2009), respectively. The structure of Griffithsin contained three
singlemannose units (Zio´1kowska et al., 2006) and its engineered
monomeric variant, complexed with Man-9 reveals that each
reducing end mannose of the triantennary Man-9 interacts with
each of the three available binding sites (Moulaei et al., 2010).
Mostof theabove lectins recognize the reducing ornonreducing
endmannoses ofMan-9, whereasOAA recognizes the core struc-
ture of the triantennary Man-9. In that regard it was interesting to
note, that the mode of OAA carbohydrate recognition resembled
that of OS-9, a lectin involved in ER-associated degradation
(ERAD) (Satoh et al., 2010). A detailed comparison of the interac-
tions around the central beta mannose unit (BMA) for the two
complexes is provided in Figure 7. In both carbohydrate-bound
structures, the BMA unit is flanked by a Trp residue side chain
(W10 or W77 in OAA and W117 in OS-9). The importance of this
Trp residue as a critical contact was confirmed for OAA by muta-
genesis: mutation of W77 to A77 completely abolished carbohy-
drate binding to site 2 (Figure S6). In the OS-9 structure, a second
Trp side chain appears to also contribute to sugar binding: the
W118 side chain N 31H forms a hydrogen with the C5 hydroxyl
group of M40. No such residue is present in OAA. However, in the
a3,a6-mannopentaose-bound OAA structure, the C5 hydroxyl
group of M40 is also involved in a hydrogen bond, namely with
the amide group of G124 in site 1 or the amide group of G57 in
site 2. There is a distinct difference, on the other hand, in the
completeness of the bound sugar moiety. Only three mannose
units of the a3,a6-mannopentaose glycan could be modeled in
the structure of OS-9 complex, whereas all five mannose units
are clearly seen in the OAA complex, all placedwithin well defined
electron density (Figure 3C).
Conclusion
Wehavedetermined thecrystal structuresof apoanda3,a6-man-
nopentaose-bound OAA at a resolution of 1.55 A˚ and 1.65 A˚,
respectively. In addition, we also solved the crystal structure of
apo OAA at room temperature at 1.60 A˚. Comparison between
the apo and glycan-bound structures revealed no major confor-
mational changes in the overall polypeptide backbone of the
protein on sugar binding, except for a flip in the peptide bond
between W77 and G78 in the carbohydrate binding site 2. Inter-
estingly, our a3,a6-mannopentaose-boundOAA crystal structure
supports one of the two models that we proposed in our earlier
work (Koharudin et al., 2011), in which the chitobiose unit is point-
ingupwardand is exposed to thesolvent,with theD1armpointingt the final titration point (1:3molar ratio of OAA/a3,a6-mannopentaose). Values
. All spectra are plotted at the same contour level and all titrations were carried
% H2O/D2O (pH 5.0), 26
C.
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Figure 3. Crystal Structures of Apo and a3,a6-Mannopentaose-Bound OAA
(A and B) Ribbon representation of ligand-free and a3,a6-mannopentaose-bound OAA, respectively. The five b strands from the first and second sequence
repeats are colored white and purple in the apo structure, and light green and blue in the glycan-bound structure, respectively. The short connecting stretch
between the sequence repeats (between strands b5 and b6) in both structures is colored in orange.
(C and D) Electron density contoured at 1.0s enclosing the molecular model of a3,a6-mannopentaose (or Mana(1-3)[Mana(1-3)[Mana(1-6)]Mana(1-6)]Man
pentasaccharide) in stick representation in binding sites 1 and 2 of OAA, respectively. The surrounding protein backbone is shown in ribbon representation.
(E) Stereo view of the best-fit superposition of the apo and a3,a6-mannopentaose-bound OAA structures in Ca representations. The color scheme is the same as
in (A) and (B).
See also Figures S3 and S7.
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Figure 4. Details of the Interaction Network of a3,a6-Mannopentaose in the Two OAA Binding Sites
(A) Formula of Man-9. The a3,a6-mannopentaose, a substructure of Man-9 used in this study, is enclosed by blue dashed lines and shaded in light blue. The D1,
D2, and D3 arms of Man-9 are encircled by dashed purple lines. G and M indicate N-acetylglucosamine (GlcNAc) and mannose (Man) units, respectively.
(B and C) Surface representations of OAA carbohydrate binding sites 1 and 2, respectively, with bound a3,a6-mannopentaose depicted in stick representation.
Residues that are in direct contact with the carbohydrate are colored as follows; Gly, green; Trp, purple; Glu, red; and Arg, blue. The rest of the protein is in cyan.
The carbohydrate molecules are shown in white and yellow for sites 1 and 2, respectively.
(D and E) Stereo views of bound a3,a6-mannopentaose sitting in the carbohydrate binding sites 1 and 2, respectively. Intermolecular hydrogen bonds are
indicated by magenta dashed lines. The same color scheme as in (B) and (C) is used, except that the oxygen atoms of the glycan are colored in red. Protein
residues are labeled by single-letter code and the sugar rings of the carbohydrate are labeled as in (A).
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Specificity and High Affinity Binding to Man-9 Corein the direction of strand b2. Although the complex crystal struc-
ture supports our previous NMR titration experiments that also
indicated no interactions between OAA and the chitobiose unit,W10
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Figure 5. Structure of the Carbohydrate Binding Pockets in Apo and
a3,a6-Mannopentaose-Bound Structures
Stereo views of best-fit superpositions of OAA carbohydrate binding sites 1 (A)
and 2 (B), respectively, in the glycan-free (carbon atoms in green) and the
a3,a6-mannopentaose-bound (carbon atoms in cyan) protein structures. The
glycan molecules in binding sites 1 and 2 are shown in white and yellow,
respectively, with oxygen atoms colored red. Both protein and carbohydrate in
all panels are depicted in stick representations. See also Figures S3 and S7.
Structure 19, 1170–this finding is at variance with previous data reported by Sato
et al. (2007). We believe that the discrepancy with respect to the
involvement of the chitobiose unit most likely originates from
the different methodologies employed and may be caused by
the reduced (ring-opened) state of the M3 in the pyridylaminated
pentamannose derivative used in Sato et al. (2007).
Comparison between the present apo- and carbohydrate-
boundstructuresand thepreviouslydeterminedCAPScontaining
OAA structure (Koharudin et al., 2011) revealed that the CAPS-
and a3,a6-mannopentaose-bound structures are more similar
than the CAPS-bound and free ones. In particular, the regions
of two binding sites are almost identical (Figure S7). This implies
that CAPS binding in the previous apo structuremimics the effect
seen in the genuine ‘‘carbohydrate-bound’’ structure.
The carbohydrate recognition of OAA of Man-9 is unique in
comparison to other anti-viral lectins. Although most of the
known HIV-inactivating lectins recognize the reducing or nonre-
ducing end mannoses of Man-9, OAA recognizes the core struc-
ture of the triantennary Man-9. Therefore, it may be possible
to explore whether any synergistic action between core and
terminal mannose-recognizing lectins can be harnessed for
targeting gp120 in the fight against HIV transmission.EXPERIMENTAL PROCEDURES
Protein Expression, Purification, and Crystallization
The protein was expressed and purified as described previously (Koharudin
et al., 2011). Briefly, the synthetic OAA gene encoding residues 1133 (Sato
and Hori, 2009) was cloned into the pET-26b(+) expression vector (Novagen),
using NdeI and XhoI restriction sites at the 50 and 30 ends, respectively.
Escherichia coli Rosetta2 (DE3) cells (Novagen) were transformed with the1181, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1177
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Figure 6. Crystal Contacts and NMR Relaxation Data for Apo OAA
(A and B) Local structure of the carbohydrate binding sites 1 (A) and 2 (B), respectively, in the apo OAA crystal structure. The conformation of the b1-b2 loop in
binding site 1 is fixed in the bound conformation due to contacts with a neighboring molecule in the crystal. Inter-molecular contacts involve a hydrogen bond
between the backbone carbonyl oxygen of G11 and the side chain amino group of N690 and between the backbone amide proton of S13 and the side chain
carboxyl oxygen of E960. The equivalent loop region in binding site 2 is not in contact with any neighboring symmetrically relatedmolecule. Error bars for T1 and T2
measurements are indicated in black.
(C–E) T1, T2, and heteronuclear NOE NMR relaxation data for apo OAA. The b1-b2 and b6-b7 loops (enclosed by black dashed ovals) that line the carbohydrate
binding sites 1 and 2, respectively, exhibit identical motional behavior in solution. Relaxation data for the three arginine side chains is also included at the right
hand side of the graph (cyan bars).
See also Figures S4 and S5.
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Specificity and High Affinity Binding to Man-9 CorepET-26b(+)-OAA vector for protein expression. Cells were initially grown at
37C, induced with 1 mM IPTG at 16C, and grown for 18 hr at 16C for
protein expression.
Protein was prepared from the soluble fraction of E. coli after opening the
cells by sonication. The cell lysate was centrifuged to remove cell debris
and, after centrifugation, the supernatant was dialyzed over night against
20 mM Tris-HCl buffer (pH 8.5). Further purification involved anion-exchange
chromatography on a Q(HP) column (GE Healthcare), using a linear gradient(BMA)
M3 M4’
M5”
W117
W118
D182
(BMA)
M3
M4
M4’
M5”
M5’
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 (or W77)
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 (or G78)
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 (or G79)
R95
 (or R28)
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 (or E56)
A B
1178 Structure 19, 1170–1181, August 10, 2011 ª2011 Elsevier Ltd Aof NaCl (20–1000 mM) for elution, followed by gel filtration on Superdex75
(GE Healthcare) in 20 mM Tris-HCl buffer, 100 mM NaCl, 3 mM NaN3,
(pH 8.0). Purified protein fractions were collected and concentrated up to
40 mg/ml using centriprep devices (Millipore).
For crystallization of the apo and a3,a6-mannopentaose-bound OAA,
we modified the crystallization conditions used to obtain the previous apo
structure of OAA in the presence of bound CAPS molecules (1.2 M
NaH2PO4/0.8 M K2HPO4 [pH 5.5], 0.2 M Li2SO4, 0.1 M CAPS [pH 10.5] orR188
Y218
E212
Q130
Figure 7. Comparison of Sugar-Protein
Interactions in the a3,a6-Mannopentaose-
Bound OAA and OS-9 Complexes
Close-up views of the protein region surrounding
the bound carbohydrate in OAA (A) and OS-9
(B). The three mannose units of a3,a6-manno-
pentaose that are observed in both structures are
M3 (or BMA), M40, and M500 are colored in light
green (see Figure 4A for the molecular formula of
Man-9). The other two mannose units of a3,a6-
mannopentaose that are observed in OAA only are
M4 and M50 (colored in light purple). Residues
interacting with the glycans are colored in light
blue.
ll rights reserved
Table 1. OAA Data Collection, Phasing, and Refinement Statistics for Apo and a3,a6-Mannopentaose-Bound Structures
Frozen Apo OAAa,b,c Frozen OAA-a3,a6-Mannopentaose Complexa,b,c Room Temperature Apo OAAa,b,c
Data collection
Space group P212121 P212121 P212121
Cell dimensions
a, b, c (A˚) 38.90/40.10/68.99 35.19/49.07/69.25 39.47/40.66/70.37
a, b, g () 90/90/90 90/90/90 90/90/90
Wavelength (A˚) 1.5418 1.5418 1.5418
Resolution (A˚) 26.15–1.55
(1.61–1.55)d
35.19–1.65
(1.71–1.65)d
26.61–1.60
(1.66–1.60)d
Rmerge 0.024 (0.083)
d 0.056 (0.118)d 0.081 (0.309)d
I/sI 52.7 (7.1)d 27.5 (13.2)d 8.7 (1.5)d
Completeness (%) 98.7 (89.2)d 96.4 (87.4)d 95.0 (91.5)d
Redundancy 6.00 (2.99)d 12.02 (8.91)d 2.48 (1.80)d
Refinement
Resolution (A˚) 34.67–1.55
(1.59–1.55)d
40.04–1.65
(1.69–1.65)d
35.20–1.60
(1.64–1.60)d
No. unique reflections 15,223 13,024 13,272
Rwork/Rfree 0.181/0.193
(0.242/0.299)d
0.178/0.219
(0.231/0.308)d
0.182/0.228
(0.247/0.302)d
No. atoms
Protein 993 1004 1004
Ligand/ion 1 112 —
Water 149 127 62
B-factors
Protein 10.39 17.33 27.07
Ligand/ion 33.83 20.23 —
Water 19.60 26.17 36.89
Rmsd
Bond lengths (A˚) 0.011 0.012 0.022
Bond angles () 1.282 1.532 1.933
OAA, Oscillatory Agardhii agglutinin; Rmsd, root-mean-square deviation.
aData were obtained from the best diffracting crystal detailed in crystallization condition (see text for details).
bCrystallographic phases were obtained by molecular replacement using the previously determined structure of OAA in the triclinic P1 space group
(PDB: 3OBL).
c Refinement was carried out using Refmac5.
d Values in parentheses are for highest-resolution shell.
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Specificity and High Affinity Binding to Man-9 Core2.0 M (NH4)2SO4 [pH 5.4], 0.2 M Li2SO4, 0.1 M CAPS [pH 10.5]). The CAPS
buffer was replaced with Tris-HCl (pH 8.5, 8.0, and 7.5), HEPES (pH 7.0),
NaPhosphate (pH 6.0), and NaAcetate (pH 5.0). The precipitants (either
NaH2PO4/K2HPO4 [pH 5.5] or (NH4)2SO4 [pH 5.4]) were kept, but their concen-
trations were varied from 1.6 to 2.4 M for NaH2PO4/K2HPO4 and from 1.6 to
2.8 M for (NH4)2SO4. Similarly, the salt (Li2SO4) concentration was also varied
from 0 to 0.25 M. All crystallization trials were carried out by the sitting drop
vapor diffusion method at room temperature using drops consisting of 2 ml
protein and 2 ml of reservoir solutions at a protein concentration of 40 mg/
ml. Well diffracting crystals for both the apo- and carbohydrate-bound protein
were found with 2.0 M (NH4)2SO4 and 0.1 M Tris-HCl (pH 8.5). The crystals for
the carbohydrate-bound protein were obtained by cocrystallization using
a mixture of protein and a3,a6-mannopentaose at molar ratios of 1:2, 1:3, or
1:4, with the protein concentration kept at 40 mg/ml, using the same volume
ratio and conditions as for apo protein crystallization.
Diffraction Data Collection and Structure Determination
of Apo and OAA
X-ray diffraction data for both apo- and glycan-bound crystals were collected
up to 1.50 and 1.65 A˚ resolution, respectively, on flash-cooled crystalsStructure 19, 1170–(180C) using a Rigaku FR-E generator with a R-AXIS IV++ image plate
detector at a wavelength corresponding to the copper edge (1.54 A˚). All
diffraction data were processed, integrated, and scaled using d*TREK soft-
ware (Pflugrath, 1999), and eventually converted to mtz format using the
CCP4 package (CCP4, 1994). All pertinent statistics are summarized in Table 1.
The unit-cell dimensions of the P212121 apo crystal were a = 38.90 A˚, b =
40.09 A˚, and c = 69.00 A˚ (a, b, and g = 90) and for the P212121 a3,a6-manno-
pentaose-bound crystal a = 35.19 A˚, b = 49.07 A˚, and c = 69.25 A˚ (a, b, and g =
90), with an estimated solvent content of 37% (Vm = 1.94 A˚3/Da) and 43%
(Vm = 2.15 A˚
3/Da), respectively, based on Matthews Probability Calculator
(http://www.ruppweb.org/Mattprob/). Both crystals contain one polypeptide
molecule per asymmetric unit.
Phases were determined by molecular replacement using the previously
determined structure of OAA (PDB: 3OBL) (Koharudin et al., 2011) as structural
probe in PHASER (McCoy, 2007). After generation of the initial model, the
chain was rebuilt using the program Coot (Emsley and Cowtan, 2004). Iterative
refinement was carried out by alternating between manual rebuilding in Coot
(Emsley and Cowtan, 2004) and automated refinement in REFMAC (Murshu-
dov et al., 1997). Similar procedures were adopted for the diffraction data
collected from the complex crystal. In the later case, the structure obtained1181, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1179
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replacement.
All final models exhibit clear electron density for all residues (2–133), as ex-
pected. In the complex, additional electron density was present in the asym-
metric unit in the region of the two carbohydrate binding sites of OAA. The final
apo structure was well defined with an R-factor of 18.2% and a free R of
19.6%. A total of 97.7% and 100% of all residues are located in the favored
and allowed regions of the Ramachandran plot, respectively, and no residues
in the disallowed region as evaluated byMOLPROBITY (Davis et al., 2007). The
extra density in both sites permitted fitting of a a3,a6-mannopentaose mole-
cule into each binding site. The final complex structure is well refined with
an R-factor of 18.9% and a free R of 22.8%. A total of 97.8%, and 100% of
all residues lie in the favored and allowed regions of the Ramachandran plot,
respectively. A summary of the data collection parameters as well as pertinent
structural statistics for both structures is provided in Table 1. All structural
figures were generated with Chimera (Pettersen et al., 2004) or PyMOL (De-
Lano, 2002). The atomic coordinates and diffraction data for apo and the
a3,a6-mannopentaose-bound structures have been deposited in the RCSB
Protein Data Bank under accession codes 3S5V and 3S5X for the apo and
complex forms, respectively.
Room Temperature Diffraction Data Collection and Structure
Determination of Apo OAA
X-ray diffraction data for the apo protein crystal at room temperature were
collected at 25C up to 1.60 A˚ resolution, using a Rigaku FR-E generator with
Saturn 944 CCD detector at a wavelength corresponding to the copper edge
(1.54 A˚). Diffraction data were processed, integrated, and scaled using
d*TREK software (Pflugrath, 1999), and eventually converted to mtz format
using the CCP4 package (CCP4, 1994). All pertinent statistics are summarized
in Table 1. The unit-cell dimensions of the P212121 apo crystal were a = 39.47 A˚,
b = 40.66 A˚, and c = 70.37 A˚ (a, b, and g = 90). The crystal contains one poly-
peptide molecule per asymmetric unit. Phases were determined by molecular
replacement using the structure of apo OAA determined at cryogenic tempera-
ture, comprising residues2–133as the structural probe. Thefinalmodel exhibits
clear electron density for all residues (2–133). The room temperature apo struc-
ture was refined to 1.60 A˚ resolution, with an R-factor of 18.1% and a free R of
23.0%. 98.5%and 100%of all residues lie in the favored and allowed regions of
the Ramachandran plot, respectively, and no residues occupy the disallowed
region as evaluated by MOLPROBITY (Davis et al., 2007). The atomic coordi-
nates and diffraction data for the room temperature apo structure has been
deposited in the RCSB Protein Data Bank under an accession code 3S60.
Carbohydrate Binding Studies by NMR Spectroscopy
Three-dimensional NMR HNCACB and CBCA(CO)NH experiments (Bax and
Grzesiek, 1993) were recorded for complete backbone chemical shift assign-
ment at 26C on a Bruker AVANCE700 spectrometer, equipped with a 5-mm
triple-resonance, z axis gradient cryoprobe. Spectra were recorded on a
13C/15N-labeled sample in 25 mM NaAcetate, 25 mM NaCl, 3 mM NaN3,
90/10% H2O/D2O (pH 5.0). The protein concentration was similar to the
concentration used for crystallization at 1.0 mM (40 mg/ml). All spectra
were processed with NMRPipe (Delaglio et al., 1995) and analyzed using
NMRView (Johnson and Blevins, 1994).
Binding of a3,a6-mannopentaose (Sigma Aldrich) was investigated at 26C
using 0.040 mM 15N-labeled OAA in 25 mM NaAcetate, 25 mM NaCl, 3 mM
NaN3, 90/10% H2O/D2O (pH 5.0) by
1H-15N HSQC spectroscopy on a Bruker
AVANCE600 spectrometer. Two-dimensional 1H-15N HSQC spectra were
recorded after each addition of carbohydrate with final molar ratios of pro-
tein:a3,a6-mannopentaose of 1:0, 1:0.25, 1:0.5, 1:1, 1:1.5, 1:2, and 1:3 (equiv-
alent to 1:0, 1:0.125, 1:0.25, 1:0.5, 1:0.75, 1:1, and 1:1.5 for an individual
binding site to sugar). A set of 2D 1H-15N HSQC spectra at different tempera-
tures was recorded on a Bruker AVANCE900 spectrometer.
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